Climate change, resulting from an increase in global temperatures, is likely to have a large impact on glaciers and glacier meltwater during the course of the present century resulting in significant contributions to sea level rise. Globally, glaciers are in retreat, partly as a response to the return to warmer conditions after the last neoglacial period during the Little Ice Age but also because of the almost continuous increases evident in global temperature since then. In contrast, Scandinavian glaciers, particularly maritime glaciers, were maintaining equilibrium or advancing over the closing decades of the last century possibly resulting from an increased moisture flux over the North Atlantic. While the more continental glaciers were still declining, the rate of decline diminished during the late 1980s. This coincides with an accelerated rate of increase evident on the maritime glaciers in southwestern Norway. A change point in atmospheric variability in the North Atlantic is identified as having occurred during this period. This change point is associated with an intensification of westerlies over Europe, particularly since the late 1980s, which significantly contributes to increases in temperature and precipitation over northern Europe while suppressing the penetration of warm, moist air into more southern European locations. Regional variations in temperature and precipitation from selected Scandinavian stations are also found to be consistent with the changes in the large-scale modes of atmospheric variability in the North Atlantic.
INTRODUCTION
A number of studies have identified a change point in climate as having occurred during the early 1970s (Hoppe and Kiely, 1999; Kiely, 1999) resulting in increases in precipitation in Ireland (Kiely, 1999) and Scotland (Smith, 1995) , a change in the meteorological controls of Glacier de Sarennes during the ablation season (Vincent and Vallon, 1997) , increasing precipitation intensity in Italy (Brunetti et al., 2001) , increasing temperature at 300 hPa in the lower and middle latitudes (Weber, 1997) and increasing 700 mb heights over western Canada (McCabe and Fountain, 1995) . This period also corresponds with a shift in the seasonal zonal frequency over Europe as outlined by Bardossy and Caspary (1990) . They indicate that while the overall annual frequencies of zonal circulation remained constant, the seasonal frequencies were changing from about 1973, with increases apparent in December and January and decreases apparent in April and May. These changes were associated with relatively warmer and more humid winters in central Europe. The beginning of the 1970s also saw substantial increases in the decadal mean residence times of Grosswetterlagen types W (west) and CW (clustered west) over northwestern Europe (Werner et al., 2000) . Werner et al. (2000) applied a similar analysis to the Lamb circulation types 16 (W) and 26 (CW) and found similar results. An outlier test of the decadal behaviour of the climate state signal identified the decade [1981] [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] as the onset of climate change in the North Atlantic area with a trend commencing in the early 1970s (Werner et al., 2000) . This increase in zonal circulation also corresponds to a shift in the North Atlantic Oscillation (NAO) from being predominantly negative to being positive, a phase the NAO has largely persisted in since the 1970s.
Globally, there is evidence to suggest that glacier mass balance variability has been increasing, especially since the 1980s, which is likely attributable to climatic variability (Dyurgerov and Meier, 1999; Dyurgerov, 2002) . Between 1982 and 1995, Storglaciären in Sweden recorded eight of its thirteen highest values of winter accumulation, while six of its summertime ablation values were among the lowest recorded, indicating an increase in the frequency of extremes (Pohjola and Rodgers, 1997b) . These findings are consistent with those of Hurrell (1995) who suggests that the moisture flux over the North Atlantic has increased since the 1980s. In an analysis of the sensitivity of mountain and subpolar glaciers to climate warming between 1961 and 1976 , Dyurgerov (2003 estimated that the glacier melt contribution to sea level rise was 0.15 mm/yr or 10% of total sea level rise. However, this contribution increased to 0.41 mm/yr or 27% of total sea level rise between 1988 and 1998 suggesting that glacier sensitivity to climate warming maybe accelerating.
The work described in this paper sets out to examine the effects of a possible change point in the largescale atmospheric circulation over the North Atlantic, identified as occurring in the late 1980s, on glacier mass balance in Scandinavia. While glacier mass balance in Scandinavia was increasing over the 1970-2000 period, particularly on the more maritime regime glaciers in southwestern Norway, the late 1980s marks a point at which the rate of increase is seen to accelerate. A number of simple techniques are employed on the data to identify the possible occurrence of change points in the large-scale atmospheric circulation data, described in Section 2, represented by the NAO and the East Atlantic-Jet Pattern (EA-JP).
In Section 3, the relationship between the atmospheric indices and glacier mass balance in Scandinavia is examined. These indices are further examined in Section 4 to determine if any changes that may have occurred in the atmospheric variability of the North Atlantic are reflected in the Scandinavian glacier mass balance series. The effects of significant change points will also be examined on the relationship between atmospheric variability and mass balance. Section 5 will assess changes in precipitation and temperature, two key meteorological parameters that affect glacier mass balance, associated with changes in the large-scale atmospheric variability in order to explain regional differences. The paper concludes with a discussion of the larger context of the findings.
DATA AND VARIABLES
The NAO is the leading mode of climate variability in the North Atlantic and accounts for up to 37% of the variability of the winter 500 hPa heights in this region (Marshall et al., 2001) . The NAO is characterised by a meridional or north-south pressure gradient between the semi-permanent low pressure centred over Iceland (Icelandic Low) and the semi-permanent high pressure centred over the Azores (Azores High). It is instrumental in the large-scale transfer and redistribution of atmospheric mass between the equator and the North Pole and is associated with changes in westerly airflow over the North Atlantic onto Europe (Hurrell, 1995) . Positive phases of the NAO result in a change in storminess and storm track location (Rogers, 1990; Hurrell, 1995) which in turn produce changes in synoptic scale eddy transfer of warm, moist air between the equator and pole (Hurrell, 1995) . It is most pronounced during the boreal winter months of December to March, but is present throughout the whole year (Marshall and Kushnir, 1997; Hurrell and Dickson, 2001 ). The NAO is also linked to the leading annular mode of climate variability in the Northern Hemisphere, the Arctic Oscillation (AO). Fluctuations in the NAO have also been found to co-vary with fluctuations in temperature and precipitation, two key variables that affect glacier mass balance.
The EA-JP is similarly characterised by a low pressure centre, located over the eastern North Atlantic and Scandinavia, and a high pressure centre, located over Northern Africa and the Mediterranean Sea. It is one of the dominant modes of variability in the North Atlantic between the months of April to August. A positive phase of the EA-JP also reflects an intensification of westerlies onto Europe during these months. (Figure 1 ). In addition, Storglaciären in Sweden was included because of its extended data record, which covers the period 1945-1999. As the mass balance of a glacier reflects the climatic setting and site-specific glacier morphology, it is therefore an important link between climatic inputs and glacier behaviour (Benn and Evans, 1998) .
Monthly precipitation and temperature data was also obtained for the period 1900-2000 for three stations in Scandinavia (extracted from the Nordklim data set 1.0) (Tuomenvirta et al., 2001) . Bergen (60°23 N 5°20 E), located in southwestern Norway and illustrative of maritime conditions, Tromsø (69°39 N 18°56 E), located in northern Norway and Sveg (62°1 N 15°37 E) located in Sweden and representative of a more continental regime climate were also included for analysis (Figure 1 ).
RELATIONSHIP BETWEEN ATMOSPHERIC MODES OF VARIABILITY AND SCANDINAVIAN GLACIER MASS BALANCE
Glaciers have for long been recognised as sensitive to climatic variability (Oerlemans, 2005) , and a number of previous studies have linked atmospheric modes of variability and, in particular, the NAO to European glacier mass balance (Pohjola and Rodgers, 1997a,b; Washington et al., 2000; Six et al., 2001) . Table I displays the relationship between the NAO, seasonally averaged over the months of December to March, winter glacier mass balance (Bw) and annual glacier mass balance (Bn). Also shown is the relationship between the EA-JP and summer glacier mass balance (Bs). The NAO is shown to be positively correlated with both winter and net glacier mass balance. However, the relationship tends to weaken or breakdown completely as a consequence of increasing latitude and continentality ( Figure 2 ). This weakening in the relationship appears to relate to the extent of effective advection of heat by westerlies (Chen and Hellström, 1999) . The positive correlation between the EA-JP and Bs reflects the influence of oceanic air mass types during the summer months which would act to suppress the warmer continental air mass types, thereby reducing ablation in years with positive EA-JP index values. As a consequence of the largely positive phase of the NAO since the 1970s (Figure 3 ) resulting in the enhanced advection of warm, moist air in to Northern Europe during the winter months, a number of Scandinavian glaciers, particularly maritime glaciers, have demonstrated a tendency towards positive net balances over the closing three decades of the last century. This tendency towards more positive net balances is largely in phase with the NAO and in contrast to the mass glacier recession evident in nearly all glaciated regions outside of Scandinavia (Figure 4 ). These increases were being manifested in volume increases, lowering of equilibrium line altitudes (ELA) and advancing front positions. Prior to the 1970s, Scandinavian glaciers had been displaying a marked synchronous decline in their cumulative net mass balance, partly as a response to warming after the Little Ice Age (LIA), consistently with then contemporary global trends. However, since the 1970s the net mass balance of the maritime glaciers has been largely positive. Since the late 1980s, the rate of increase of cumulative mass balances of the maritime glaciers in Norway has been shown to accelerate, while the decreasing trend evident on the more continental glaciers ceases and becomes increasingly positive ( Figure 5 ). 1830 1840 1850 1860 1870 1880 1890 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 1945 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 
IDENTIFICATION OF CHANGE POINTS
A cumulative sum of deviations (CUSUMs) analysis was initially performed on the seasonally averaged winter NAO to determine if any changes have occurred in the series that may help explain the accelerated rate of increase evident in the glacier mass balance series from Scandinavia. The method employed consists of calculating the cumulative sum of deviations or anomalies from the long-term mean for each series of interest (Sneyers, 1992) . This method has been used in a number of previous studies to identify change points in climate series (Sneyers, 1992; Kiely, 1999; Hoppe and Kiely, 1999) and has also been used to detect inhomogeneities in climate series (Sneyers, 1992) . However, it is sensitive to the effect of outliers. The Cusum is defined as follows:
where k is the average of the time series. The hypothesis of no change in the mean value is rejected if max |S i | becomes too large (Kiely, 1999) . While the CUSUMs of the winter NAO identifies the existence of a local change point during the 1970s, in line with findings from previous studies, it also identifies two additional local change points as having occurred, during 1980 and 1988 (Figure 5) . The identification of the occurrence of this later change point during 1988 is consistent with changes evident in the cumulative mass balance series from Scandinavia ( Figure 5 ).
To determine the significance of this later change point and corroborate the findings of the CUSUMs analysis, the non-parametric Pettitt test (Pettitt, 1979) was also applied to the winter NAO series. The Pettitt test considers a time series as two samples represented by x 1 . . . x t and x t+1 . . . x T . For continuous data the indices V (t) and U (t) can be calculated from the following formula
where, sgn(x) = 1, for x > 0, sgn(x) = 0, for x = 0, sgn(x) = −1, for x < 0. 0 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 Probability Figure 6 . The probability of a change point in the winter NAO as determined from the Pettitt analysis (data: Hurrell)
The most significant change point is found where the value |U t,T | is maximum. The approximate significance probability, p(t), of a change point can then be calculated from Pettitt, 1979) Figure 6 displays the results from this analysis on the winter NAO for the period 1900-2000. Four local change points are identified as having occurred in the NAO index during the last century. A change point in 1931 marks a shift in the NAO from being predominantly positive up to this point to increasingly negative until the 1960s (Figure 3) . A change point in the 1970s is associated with a trend towards more positive NAO values and has been the subject of much previous research (Bardossy and Caspary, 1990; Smith, 1995; Vincent and Vallon, 1997; Weber, 1997; Hoppe and Kiely, 1999; Kiely, 1999; Werner et al. 2000; Brunetti et al., 2001) . The change point in 1980 is identified as having the highest probability (0.87) of the four change points identified, the timing of which is consistent with the findings of Hurrell (1995) . A fourth change point in 1988 is identified as having the second highest probability of 0.86. The results from the Pettitt analysis appear to substantiate the results of the CUSUMs analysis. While it does not have the highest probability, the effects of this later change point on glacier mass balance would appear to be more important than the previously identified change points ( Figure 5 ).
The presence of change points was also examined for the seasonally averaged summer months of June to August. Figure 7 displays results from both a CUSUMs and Pettitt analysis on the EA-JP data for the period 1950-2000. Results from both these analyses indicate a number of local change points in the series. The year 1962 is highlighted in both series, although the Pettitt analysis attributes a low probability of 0.6 to this inflexion point in the data. The period 1980-1989 is identified by the Pettitt analysis as having the highest probability of a change point occurring, with probabilities greater than 0.96 for this period. The CUSUMs indicates the occurrence of three possible change points during this period -1981, 1984 and 1989. To further investigate the influence of the identified change points in both the NAO and EA-JP indices on the Scandinavian glacier mass balance series, correlations were derived on the basis of an 'increasing length of time series' (Hodge et al., 1998) of the mass balance and atmospheric data for both the winter accumulation and summer ablation period. This initially involved taking a minimum period of time, which amounted to approximately 18 years for the majority of the Norwegian glaciers (∼1963-1980), 32 years for Storbreen 1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 A change in the relationship between the NAO index and mass balance is suggested to have occurred after 1987. Five of the eight glaciers recorded their highest or second highest winter balance (Bw) on record as having occurred during either 1989 or 1990, which coincides with a change in the relationship between climate and glaciers as suggested by Figure 5 . The maritime glaciers ofÅlfotbreen and Hardangerjøkulen display a more muted change in the Pearson's 'r' in comparison to the more continental glaciers of Gråsubreen and Hellstugubreen. However, continentality does not appear to be an overly influential factor on the change in the relationship as it is apparent at both maritime and continental glaciers in northern and southern Scandinavia. Where z is given by z = 1/2 log e 1 + r 1 − r , a Fisher's Z-transformation that results in approximately normally distributed data with mean and standard deviation given by
Results, presented in Table II , demonstrate that changes in the correlation coefficient between the NAO and winter mass balance are significant at the 0.10 level for the glaciers of Nigardsbreen and Storbreen and at the 0.05 level for those at Hellstugubreen and Gråsubreen, while, for correlations between the EA-JP and Bs, correlations are significant at the 0.05 level for just two glaciers, Storbreen and Storglaciären.
The timing of these step-like changes in the climate-glacier correlations is consistent with the change evident in the summed cumulative deviations of the NAO during 1988 ( Figure 5 ) after which it strengthened for a number of years to levels not previously exceeded during the course of the twentieth century. 
CHANGES IN PRECIPITATION AND TEMPERATURE
The previous analysis identified the possible occurrence of a change point during the 1980s in the atmospheric variability of the North Atlantic. As temperature and precipitation are the two key variables that affect glacier mass balance, it is likely that any changes in these variables will be reflected in the glacier mass balance series. Temperature and precipitation series from three stations, Bergen, Tromsø and Sveg, were examined employing a methodology similar to that outlined in Section 4. Figures 10-13 display the results from the CUSUM analysis of both series. Despite the lack of any obvious correspondence between the NAO and precipitation at Tromsø for most of the series, which may in part be attributable to the geographical location of Tromsø lying at the upper latitudinal boundary of influence of the NAO, after 1988 both appear to increase in relative unison (Figure 10 ). The correspondence between the NAO and precipitation is significantly better at Bergen over the entire record, but in particular after 1970. Again, 1988 is highlighted as a change point after which both the NAO and precipitation are shown to increase. Results of the analysis on winter precipitation from Sveg indicate a change point in 1990. A Pettitt analysis on the same data suggests that 1990 is the most significant change Winter temperatures show a high degree of correspondence with the NAO, in particular the temperature series from Bergen (Figure 11) , consistent with the findings of Werner et al., 2000 in their analysis of climate change in the North Atlantic/European sector. They suggest that up to the beginning of the 1970s no correspondence was apparent between surface temperatures in the Northern Hemisphere and residence times of Grosswetterlagen types W and CW. However, after this period both variables were found to increase at similar rates.
All temperature series indicate a change point in the early 1970s (1970-Bergen and Sveg, 1971-Tromsø) . The late 1980s also marks a second change point in the temperature series. However, 1987 is indicated as the most probable change point for both the Bergen and Sveg series, while 1988 is indicated as the most probable change point at Tromsø.
The CUSUMs analysis of the Scandinavian summer precipitation series displays a possible change point, particularly evident at Sveg, around the mid-1960s (Figure 12 ). Hanssen-Bauer and Førland (1998) in their analysis found reductions in summer precipitation between 1960 and 1975 that may explain the occurrence of this change point around the mid-1960s. However, these reductions were only found for stations in the southern half of Norway.
The Scandinavian summer temperature series also display a number of change points ( Figure 13 ). The first change point around the end of the 1920s to the beginning of the 1930s marks an early century temperature maximum. From the 1930s to the 1960s, Scandinavian summer temperatures tend to decrease slightly, in response to mid-century cooling. The early 1970s marks a brief return to higher temperatures after which temperatures decline again until the 1980s.
Changes in the Scandinavian temperature and precipitation series, which are consistent with the largescale atmospheric changes, would seem to largely explain the mass balance changes evident on Scandinavian glaciers over the 1970-2000 period. The timing of these changes is reflected in the response time between the maritime and more continental regime glaciers. The winter precipitation series from Bergen indicates a change point in the early 1970s that marks a halt to the declining precipitation up to this point. After 1988, winter precipitation is shown to increase, resulting in increased rates of accumulation on maritime glaciers.
Precipitation at Tromsø, which had been displaying an increasing trend from the 1960s, appears to increase after 1988. While precipitation at Sveg starts to increase after 1973, the 1980s marks a decade where -25 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 -25 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 
CONCLUSIONS AND DISCUSSION
In spite of the relatively small contribution of glaciers to the total terrestrial storage of ice, their sensitivity to changes in climate means that they are important contributors to decadal and longer timescale variations in sea level (Oerlemans and Fortuin, 1992; Dyurgerov and Meier, 1997) . The current worldwide reduction apparent in the volume of glaciers is estimated to have already made a significant contribution to global sea level rise over the last 100 years. The rate of volume loss appears to have increased since the end of the 1980s and predictions of global warming suggest that these trends are likely to continue. Between 1961 and 1976, glacier melt contribution to sea level was estimated to be 0.15 mm/yr or 10% of total sea level rise (Dyurgerov, 2003) . However, between 1988 and , this contribution increased to 0.41 mm/yr or 27% of total sea level rise (Dyurgerov, 2003) . Scandinavian glaciers and, in particular, Norwegian maritime glaciers have been shown to exhibit a current response to climate which is in contrast to that of glaciers on a global scale, with few minor exceptions. Positive cumulative net balances have resulted in glacier advances of a number of the maritime glaciers since the 1970s, halting the recession that was evident up to this period. The positive net balances being recorded on the maritime glaciers appear to be largely due to increases in winter precipitation, resulting in an accumulation surplus at the end of the balance year. These increases in precipitation, which Hanssen-Bauer and Førland (1998b) showed were statistically significant over southwestern regions of Norway from 1960 to 1997, are likely the results of increased zonal airflow consistent with an increasing intensity of the NAO. The relationship between zonal flow and precipitation in southern Norway was also highlighted by Tveito (1996) who found that the correlation between zonal flow, as represented by a reduced index between Ona and Utsira-fyr, and precipitation, from Samnanger, was strongest in March, but was high for the whole year ( Figure 14) .
The present analysis has identified 1988-1990 as a period that warrants further investigation because of its potential climatic significance. Changes in the large-scale atmospheric variability of the North Atlantic, which were found to be consistent with changes in the temperature and precipitation series from Scandinavia, were also shown to be consistent with changes evident on maritime glaciers in Norway that have been demonstrating accelerated rates of increase in their cumulative net balance (Bn) since this period. Hodge et al. (1998) , in an analysis of climate variations and mass balance of three glaciers in western North America, also established that the year 1989 was a significant point after which there was a change in the relationship between climate and mass balance. Their research suggests that after this time, the glaciers under study not only started to display a coherent signal, but also demonstrated the highest rates of net mass loss over their entire records. They suggested a breakdown of the large-scale teleconnection between the Pacific Northwest and the tropical Pacific since 1989 to a degree that it was no longer statistically significant as the probable cause of the changes they found in mass balance (Hodge et al., 1998) . They also suggest that this breakdown may prove to be more important than the regime shift that occurred in the Pacific during 1976 -1977 (Hodge et al., 1998 . Overland et al. (1998) in their analysis of the decadal variability of the Aleutian Low also identify 1989 as a change point year, with a shift from low to average values occurring 1946 1950 1954 1958 1962 1966 1970 1974 1978 1982 1986 1990 1994 1998 Skjaak NI Index (Dec-Mar) Figure 14 . Standardised precipitation from Skjaak (61°54 N, 8°10E) and a zonal index (NI index) constructed from standardised pressure from Ona (62°52N, 6°32E) and Utsira-fyr (59°18N, 4°53E). Both variables have been standardised relative to their mean over the period of measurement (Data from Frich et al., 1996; Tuomenvirta et al., 2001) in the Aleutian Low during winter. This change point identified in the Aleutian Low is preceded by a shift in the AO, which occurred in 1988 (Overland et al., 1998) with hemispherical-scale consequences. The scale and effect of this shift would suggest that it is as significant as that detected in the early 1970s, which resulted in changes in the Arctic summer ice cover (Chapman and Walsh, 1993; Maslanik et al., 1996) , convection in the Labrador Sea (Rhines, 1994) , climate-glacier interactions in western North America (Hodge et al., 1998) , a statistically significant change in glacier regime (Dyurgerov, 2003) and a decline in cod recruitment in the Atlantic since the mid 1980s were linked to rising temperatures (Beaugrand et al., 2003) . Also during this period, Mysak and Power (1991) found large positive sea ice anomalies occurring in the Greenland Sea, which had been preceded by above-average run-off from North America into the western Arctic. They suggested that this sequence is part of a self-sustained climatic oscillation in the Arctic, occurring with a period of approximately 15-20 years, and hence might be a component of interdecadal climate variability. However, observations linking atmospheric circulation and precipitation were scarce, so no significant conclusions could be made with regard to the proposed climate oscillation (Holland et al., 1995) . Despite this, sea ice does appear to be an important component in interdecadal climate variability (Holland et al., 1995) . However, it maybe that the change point identified in the Scandinavian glacier mass balance records during the late 1980s was part of a larger-scale set of changes indicative of global atmospheric variability changes that drive changes in climate.
